cycle entry (Harper, 2001). Conversely, loss of Cdc4
is not well understood. The ability of E2-E3 enzyme function causes deregulation of cyclin E-CDK2 activity, complexes to form polymers of ubiquitin, itself an 8 kDa which leads to precocious S phase entry and genome protein, on a protein substrate presumably demands a instability (Spruck et al., 1999) . Mutations in the Drolarge catalytic cradle to accommodate the initial resophila homolog of CDC4, called ago, were isolated as actants (Pickart, 2001) . The sequential addition of ubihomozygous recessive alleles in a screen for excess quitin moieties onto the substrate must also entail concell proliferation, a defect attributed to ectopic cyclin E siderable flexibility of the substrate and/or the enzyme activity (Moberg et of the substrate binding site with respect to the E2 en-SCF-dependent proteolysis also mediates other signalzyme is unknown. Finally, structure determination and ing events including phosphorylation-dependent degramolecular modeling of the holo-SCF Skp2 complex again dation of the NFB inhibitor IB␣ and the proto-oncosuggests a distance of ‫05ف‬Å between the substrate gene product ␤-catenin by the F box protein ␤-TrCP binding LRR domain in Skp2 and the E2 active site (Pickart, 2001 ).
(Zheng et al., 2002). Notably, the extensive interdigitaSeveral F box proteins can recognize short phosphotion of the Skp1-Skp2 interface and the Skp2 interdopeptide motifs that correspond to substrate sequences. main interface rigidly fixes the orientation of the LRRs However, it is unknown whether such interactions are of Skp2, suggesting that the F box protein might hold analogous to phosphorylation-dependent interactions the substrate in a very precise orientation with respect of SH2, PTB, 14-3-3, WW, and FHA domains, each of to the E2 enzyme . However, which has been crystallized with its cognate phosphobecause the substrate binding site on Skp2 has not peptide (Yaffe and Elia, 2001 ). For many SCF substrates, been determined by either mutation or by cocrystallizaincluding Sic1, Cdc6, and Cln2, phosphorylation on multion with substrate peptide, it is not possible to deduce tiple dispersed sites is required for recognition and deghow SCF substrates might be positioned with respect radation (Verma et al, 1997; Patton et al., 1998) . We to the E2 catalytic site. To understand the basis for recently defined a high-affinity consensus phosphopepphospho-epitope recognition by Cdc4 and to gain intide binding motif for Cdc4, termed the Cdc4 phosphosight into the nature of substrate orientation by E3 endegron (CPD), which bears the consensus I/L-I/L/P-pTzymes, we have determined the structure of a Skp1-P-ϽKRϾ 4 , where Ͻ Ͼ indicates a disfavored residue Cdc4-CPD phosphopeptide cocomplex. (Nash et al., 2001 ). The P0 phospho-threonine residue or less favorably, a phospho-serine residue, and the Results Pϩ1 proline are essential for interaction with Cdc4. Unexpectedly, the CPD consensus is at odds with the CDK Alignment of Skp1 and Cdc4 homologs from various phosphorylation site consensus: S/T-P-X-K/R (Endicott species and limited proteolysis of full-length recombiet al., 1999). Thus, substrate recognition by the targeting nant proteins were used to deduce loop regions in Sackinase is counter-balanced against the targeting comcharomyces cerevisiae Skp1 and Cdc4 that might interponent of the degradation machinery. All nine CPD sites fere with protein crystallization (Figure 1 ). Crystals of a in Sic1 have one or more suboptimal features: all lack ternary complex of ScSkp1 bound to Cdc4 and a CPD consensus hydrophobic residues in the P-1 or P-2 posiphosphopeptide were obtained that diffracted to a resotions, four have serine in place of threonine in the P0 lution of 2.7Å (Table 1) . For Skp1, a nonessential loop position, and seven contain a disfavored basic residue spanning residues 37-64 was removed. The Cdc4 fragin one of the ϩ2 to ϩ5 positions. Unexpectedly, Sic1 ment used extends from residues 263-744, which enmust be phosphorylated on at least six of its nine sites compasses the F box motif to the end of the WD40 in order to allow recognition by Cdc4 (Nash et al., 2001) . domain, and was engineered to remove two predicted This requirement for multisite phosphorylation in princiloop regions ( Figure 1B ). This Cdc4 construct lacks an ple renders the rate of Sic1 degradation proportional to essential ‫04ف‬ residue domain that precedes the F box in the sixth power of G1 CDK concentration (Ferrell, 1996) . different WD40 domain-containing F box protein family The inherently ultrasensitive nature of the Sic1 degradamembers (Wolf et al., 1999) . The high-affinity CPD phostion reaction appears critical for the coordinated initiaphopeptide corresponds to nine residues of human tion of DNA replication by S phase CDK activity ( Figure 2A . Disordered regions in the crystal structure are shown as dashed lines. Red residues are essential for the Cdc4 function; blue residues strongly influence, but do not abrogate, function; green residues are nonessential but conserved around the binding pocket; and yellow residues are conserved elsewhere. Circles indicate mutations associated with excessive cell proliferation in flies and/or cancer in humans (see text). Deletion of residues 37-64 in Skp1 is denoted by a triangle, and a replacement of two closely placed loops from residues 602-605 and 609-624 is denoted by the underline of the short interloop sequence Gly-Glu-Leu. Insertions to optimize sequence alignments are indicated by number of residues inserted in gray. The nonstandard ␤ strand element 9 1 in ScCdc4 is marked by the red asterisk and is shown in full at the bottom of the alignment. Residues that anchor helix ␣6 to the F box domain are marked by green hearts, those that anchor helix ␣6 to the WD40 domain by red hearts, and those that make direct contact between the WD40 domain and F box domain by blue asterisks. and consists of a three-strand ␤ sheet, denoted ␤1 to ␤3, and eight ␣ helices, denoted Yeast Skp1 forms an elongated structure with a mixed ␣/␤ topology identical to that reported for human Skp1
The F Box Interface
␣1 to ␣8 (Figure 2A ). The structure of Cdc4 consists of an F box domain, an ␣-helical linker, and a WD40 domain (Figures 2A-2C) . The F box domain is comprised of five ␣ helices, denoted ␣0 to ␣4. This topology differs slightly from that reported for the F box domain of hSkp2, which consists of a loop region, L1, and three helices, denoted ␣1 to ␣3 (Schulman et al., 2000) . Helix ␣0 in Cdc4 corresponds most closely in sequence and position to the loop region L1 of hSkp2, while a half-turn remnant of Cdc4 helix ␣4 is discernable in the transition sequence between the hSkp2 F box and the LRR domain. As observed in the hSkp1-hSkp2 complex, Skp1 and the F box domain of Cdc4 associate by interdigitation of helices ␣0 to ␣3 of Cdc4 with helices ␣5 to ␣8 of Skp1, with the interface itself comprised of an interprotein four-helix bundle. This mode of association gives rise to a contiguous hydrophobic core that spans Skp1 and the F box domain of Cdc4. Superposition of the yeast and human structures reveals that Skp1 helix ␣8 and F box helix ␣4 deviate significantly in that only the first half of helix ␣8 is ordered in ScSkp1 and only a half-turn fragment of the F box helix ␣4 is apparent in hSkp2 ( Figure 3A) . The difference in position and length of F box helix ␣4 and Skp1 helix ␣8 reflects the different roles these secondary structure elements play in the linkage between their respective F box and ligand binding domains, as described below. (Figproject substrates in an orthogonal direction to that of  ure 1B ). This substitution might restrict CPD sequences able to bind Pop1 through steric or hydrophobic conthe Cdc4 WD40 domain ( Figure 3A) . straints on residues C-terminal to the Pϩ1 proline pocomposed of invariant residues Trp426, Trp717, and Thr386, and the conserved hydrophobic residue Val384. sition.
The WD40 Domain
Cdc4 displays a strong preference for the hydrophoWhile less precisely modeled, the main chain position of LeuϪ2 lies in close proximity to a third hydrophobic bic residues Leu/Ile/Pro at the P-1 and Leu/Ile at the P-2 positions of the CPD. In the crystal structure, the pocket composed of the invariant residue Tyr574, and the conserved hydrophobic residues Met590 and Leu634. The P-1 Leucine side chain fits into a hydrophobic pocket hydrophobic character of the P-1 and P-2 pockets is mani-1B). However, two different deletions of helix ␣5 eliminated Cdc4 function in vivo, indicating that the F boxfest as selection against both charged and small polar residues at these positions in the CPD consensus (Nash WD40 domain interface is an essential structural component. Similarly, placement of helix-destabilizing residues et al., 2001).
The WD40 phosphorecognition domain of Cdc4 is unat the center of helix ␣6 or the lengthening of this helix by the insertion of one, two, three, four, eight, or twelve usual in that it exhibits strong selectivity against either Arg or Lys residues in the Pϩ2 to Pϩ5 CPD positions amino acid residues disrupted Cdc4 function in vivo. Helix ␣6 is thus critical for productive orientation of the but otherwise shows no sequence preference at these positions (Nash et al., 2001) ). To systematically probe the role of residues that form the highly conserved peptide binding sus is almost certainly due to through-space electrostatic repulsion. This effect arises from a dominant-posisurface, we generated a panel of Cdc4 mutants and tested each for pSic1 binding in vitro, complementation tive electrostatic potential generated by both the invariant triad of Arg residues that comprise the core of a cdc4⌬ strain, and sensitivity to increased SIC1 dosage. Four mutants, Arg467Ala, Arg485Ala, Arg534Ala, pThr-Pro binding pocket and by a radial extension of the surface due to Arg572, Arg443, and Lys402, the and Trp426Ala, were unable to bind phospho-Sic1 in vitro or complement a cdc4⌬ strain but were fully comformer two of which are conserved amongst Cdc4 orthologs ( Figures 1B and 4B) . petent for Skp1 binding ( Figures 5A and 5B) . The essential function of these residues is not confined to elimina-A number of natural mutations detected in metazoan orthologs of Cdc4 corroborate the structure-based analtion of Sic1 because none of the corresponding mutant alleles were able to rescue a cdc4⌬ sic1⌬ strain (see ysis. Two human ovarian cancer cell lines bear missense mutations at conserved Arg residues that correspond Supplemental Figure S2 online at http://www.cell.com/ cgi/content/full/112/2/243/DC1). These results reflect to Arg467 and Arg534 in yeast Cdc4 (Moberg et al.,  2001 ). In the crystal structure, these residues make dithe critical structural role played by these residues in coordination of the P0 phosphate and the Pϩ1 proline rect contact with the P0 phosphate group and are essential for function ( Figures 4C and 4D) . In a recent study of the CPD. Mutation of the remaining phosphate-coordinating residue Tyr548 did not cause loss of viability of human primary endometrial tumors, mutations in phosphate binding Arg residues equivalent to Arg467 but did result in dosage sensitivity to SIC
Thr33Val
, which encodes a partially stabilized version of Sic1 ( Figure 5C 
Modulation of CPD Substrate Selectivity
in one or more respects ( Figure 6A ). The Cdc4-CPD structure suggests that selectivity against basic resi-A critical feature of the Sic1-Cdc4 interaction is the requirement for phosphorylation of Sic1 on multiple sites. dues may be due to electrostatic repulsion generated from the conserved patch of basic residues in and To enforce this requirement, each of the phosphorylation sites in the native Sic1 sequence are suboptimal around the CPD binding pocket, while selection for hy- drophobic residues arises from the P-1 pocket that is one-dimensional SDS-PAGE ( Figure 5A ). Similarly, perturbation of the P-1 hydrophobic pocket with a Val384Asn composed in part by Val384 and Trp717. To examine the basis for selection against suboptimal CPD motifs, Trp717Asn double mutation allowed capture of Sic1 phosphorylated on as few as four sites. These in vitro we assessed the effects of mutations in nonessential residues in these two regions on the multisite phosphorbinding results were recapitulated in solution-based in vitro ubiquitination assays with wild-type and mutant ylation requirement for Sic1 recognition.
We monitored the ability of Cdc4 to capture various forms of Cdc4. Both double mutant forms of Cdc4 were able to convert Sic1 phosphoryated on four or five sites phosphoisoforms of wild-type Sic1 from a pool of recombinant Sic1 that had been phosphorylated to various to oligo-ubiquitinated species, whereas wild-type Cdc4 was unable to do so ( Figure 6C ). The double mutants extents by Cln2-Cdc28. As resolved by isoelectric focusing, this pool contained roughly equal amounts of Sic1 were, however, less efficient than wild-type at elaborating fully ubiquitinated species of phospho-Sic1, perhaps phosphorylated on one, two, three, four, five, six, seven, eight, and nine sites. Wild-type Cdc4 was only able to because of protein stability effects or interference with catalytic steps after substrate binding. This interpretacapture Sic1 phosphorylated on six or more sites ( Figure  6B ). This result formally demonstrates the transition in tion is consistent with the sensitivity of strains bearing the double mutant alleles to SIC1 Thr33Val dosage (Figure binding affinity between five and six phosphorylation sites, as initially inferred from capture of a series of 5B). Overall, reengineering of negative selection residues in the Cdc4 WD40 domain supports the notion that Sic1 phosphorylation site mutants by Cdc4 (Nash et  al., 2001 ). The role of positive electrostatic potential in the series of suboptimal CPD motifs in Sic1 sets a high phosphorylation threshold for its recognition by Cdc4. selecting against suboptimal CPD sequences with basic residues at C-terminal positions was tested with the Lys402Ala Arg443Asp double mutant. This mutant was Discussion able to select Sic1 phosphoisoforms that contained as few as three phosphorylation sites ( Figure 6B) . The abil-
The structure of the Skp1-Cdc4-CPD complex provides direct visualization of substrate orientation within an ity of the Lys402Ala Arg443Asp double mutant to capture lower phosphorylated forms of Sic1 was also evident in SCF complex. Insights gained from the structure include the unexpectedly frail interface between the F box and dine ring through a coplanar interaction. In contrast to Cdc4, Pin1 actually displays a preference for Arg in the the WD40 repeat domain, the basis for dedicated pThrPro dipeptide recognition by a novel eight-blade WD40 Pϩ2 position, such that the binding specificity of the pSer-Pro recognition domain closely matches that of propeller, and a detailed understanding of the basis for selection against natural CPD sequences. The latter feathe targeting CDK enzymes. 14-3-3 domains bind pSer epitopes with a preference, ture appears to be tailored to enforce multisite phosphorylation-dependent degradation of Sic1, which in but not an absolute requirement, for proline residues at the Pϩ2 position (Yaffe et al., 1997) . This less-stringent turn would help engender a highly cooperative onset of DNA replication (Nash et al., 2001 ). Similar principles selection arises because the 14-3-3 proline binding pocket is able to accommodate other residues with promay well operate for other Cdc4 substrates, including cyclin E, Notch IC , and presenilin in mammalian cells pensity to form ␤ turns. Interestingly, the proline preferences in both the 14-3-3 and Cdc4 WD40 domains give ( Figure 6D ). In The properties of the Cdc4 phosphopeptide binding this scheme, phosphorylation of multiple CPD sites on module differ from those of other known modules in the Sic1 increases the local concentration of sites around important respect that the interaction with core recogniCdc4 once the first CPD site is bound, to the point where tion elements is partially offset by specific selection diffusion-limited escape from the receptor is overagainst basic residues in the substrate peptide. This whelmed by the probability of rebinding of any one CPD feature establishes an intrinsic antagonism between the site. In a sense, Sic1 becomes kinetically trapped in recognition mechanism and the targeting CDK kinases, close proximity to Cdc4. Mathematical modeling of an which prefer Ser/Thr-Pro sites with C-terminal basic residealized polyvalent ligand-monovalent receptor interidues (Endicott et al., 1999). Significantly, all of the natuaction indicates that the rate of ligand escape from the ral CPD motifs in Sic1 contain one or more mismatches receptor exhibits a negative exponential dependence to the optimal CPD consensus. This system, based on on the number of ligand sites (P. Klein, personal commupositive and negative ligand selection, may not only set nication). We propose the term allovalent to describe an elevated threshold for kinase activity, but may also the ability of multiple weak, spatially separated ligand allow the threshold to be precisely tuned for any given sites to cooperatively interact with a single receptor site. 
